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I 
INTRODUCTION 

The conversion of CO+H2 i n  one s t e p  t o  a mixture  of hydrocarbon s p e c i e s  t h a t  
a r e  the  c o n s t i t u e n t s  of  h igh  oc tane  g a s o l i n e  appea r s  p o s s i b l e  wi th  c a t a l y s t s  com- 
posed o f  ZSM-5 and a group V I 1 1  metal  (1-5).  The group V I 1 1  metal  a c t s  as a 
Fischer-Tropsch (F-T) c a t a l y s t  and c o n v e r t s  s y n t h e s i s  gas t o  a mixture  of o l e f i n s ,  
p a r a f f i n s ,  and oxygenates.  The ZSM-5 component of  t h e  c a t a l y s t  c o n v e r t s  some of 
t h e  F-T i n t e r m e d i a t e s  and p roduc t s  t o  a romat i c s  and branched-hydrocarbon s p e c i e s .  

The p resen t  s tudy a t t e m p t s  t o  c h a r a c t e r i z e  t h e  metal  c r y s t a l l i t e  s i z e  and t h e  
degree of r educ t ion  of cobalt-ZSM-5 c a t a l y s t s  u s ing  chemisorpt ion and 
magnet izat ion measurements. The c a t a l y s t s  prepared by t h e  solut ion-impregnat ion 
method were examined. It was r e a l i z e d  t h a t  t h e  method could r e s u l t  i n  p a r t i a l  i on  
exchange of t h e  a c i d i c  p r o t o n s  i n  ZSM-5 wi th  c o b a l t  i o n s  (5-7). The ion-exchanged 
c o b a l t  (Co2+) is c a t a l y t i c a l l y  i n a c t i v e  i n  s y n t h e s i s  gas conversion (6,7), s i n c e  
it cannot  be reduced t o  m e t a l l i c  c o b a l t  under  u s u a l  r educ t ion  t r e a t m e n t ,  namely, 

chemisorpt ion and magne t i za t ion  measurements on Co/ZSM-5 c a t a l y s t s  with d i f f e r e n t  
Co concen t r a t ions  can  e n a b l e  one t o  e s t i m a t e  t h e  weight  p e r c e n t  Co t h a t  has  been 
ion-exchanged i n t o  ZSM-5. 

I t  has  been r e p o r t e d  (8 ,9 )  t h a t  (Fez+, NH6)Y can  r e a c t  w i th  a n  a n i o n i c ,  
metal-containing c o o r d i n a t i o n  compound t h a t  i s  water-soluble ,  such as 
(NHb)j(Fe(CN)6),  t o  y i e l d  an  i n s o l u b l e  compound, Fe3(Fe(CN)6)2, d i s t r i b u t e d  
throughout t h e  z e o l i t e  wh i l e  t h e  z e o l i t e  i t s e l f  r e t u r n s  t o  t h e  ammonium form. The 
i n s o l u b l e  complex can l a te r  be reduced i n  hydrogen t o  f i n e l y  d i spe r sed  metal  i n  
t h e  z e o l i t e  ( 9 ) .  The p r e s e n t  work a t t empt s  t o  examine whether t h e  above method 
could be used t o  conve r t  ion-exchanged Co2+ i n  ZSM-5 t o  a r e d u c i b l e  and 
c a t a l y t i c a l l y  a c t i v e  form. S ince  i t  was o f  i n t e r e s t  t o  examine t h e  c a t a l y t i c  
a c t i v i t i e s  of bo th  t h e  metal  component and t h e  z e o l i t e  component, be fo re  and a f t e r  
t h e  r e a c t i o n  with t h e  c o o r d i n a t i o n  compound, s e p a r a t e  experiments  were performed 
with syngas and e t h y l e n e  a s  t h e  r e a c t a n t s .  Syngas conve r s ion  is p r i m a r i l y  
ca t a lyzed  by t h e  metal  component; and e t h y l e n e  conve r s ion ,  by t h e  z e o l i t e  
component i n  t h e  c a t a l y s t .  

I flowing hydrogen a t  350%. The p r e s e n t  s tudy  a t t e m p t s  t o  demonstrate  how 

EXPERIMENTAL 

( a )  p repa ra t ion  of C a t a l y s t s  

The ZSM-5, w i th  Si02/A1203 - 30,  was syn thes i zed  us ing  t h e  procedure g iven  i n  
t h e  pa t en t  l i t e r a t u r e  by Argauer and Landol t  ( l o ) ,  w i th  minor mod i f i ca t ions .  The 
procedure y i e l d s  ZSM-5 having c r y s t a l l i t e s  approximately one micron i n  s i z e .  The 
z e o l i t e  was c a l c i n e d  i n  a i r  a t  538OC t o  decompose t h e  tetrapropylammonium (TPA+) 
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c a t i o n .  It was converted t o  t h e  ammonium form by t h r e e  s u c c e s s i v e  exchanges us ing  
NH4Cl So lu t ion .  

To p r e p a r e  t h e  metal-loaded c a t a l y s t s ,  t h e  solut ion-impregnated method was 
used. Aqueous c o b a l t  (11) n i t r a t e  s o l u t i o n  was added t o  NH4-ZSM-5 u n t i l  i n c i p i e n t  
wetness was reached.  The atmosphere surrounding t h e  mixture  was evacuated a f t e r  
t h e  s o l u t i o n  was added. The mixture  was d r i e d  wi th  s t i r r i n g  a t  100°C. Three 
samples wi th  2.7,  5 . 9 ,  and 9.0 u t 8  Co/NH4-ZSM-5 were prepared by t h i s  method. 

I n  o r d e r  t o  p r e p a r e  a sample o f  Co/NH4-ZSM-5 i n  which t h e  c o b a l t  could be 
expected t o  be a l m o s t  e n t i r e l y  i n  t h e  ion-exchanged form, t h e  fol lowing procedure 
was used. Ten grams of NH4-ZSM-5 was added t o  120 mL Of 9.5 u t 8  Co(N0)3-6H$ 
s o l u t i o n  i n  water a t  90%. The mixture  was s t i r r e d  f o r  one hour and f i l t e r e d .  
The procedure was r epea ted  two more t imes,  and t h e  z e o l i t e  sample was thoroughly 
washed wi th  wa te r  u n t i l  no n i t r a t e  was p re sen t .  The sample had 0.9 wt8 Co, 
presumably i n  t h e  ion-exchanged form ( I E ) ,  and w i l l  be des igna ted  0.9 w t 8  
Co/NH4-ZSM-5 ( IE)  . 

"Back-exchange" (BE), i . e . ,  removal of t h e  ion-exchanged Co2+ from t h e  
z e o l i t e ,  was a t t empted  on t h e  b a s i s  o f  t h e  fo l lowing  r e a c t i o n  (8): 

Co2+-Z + (NH4)4(Fe(CN)6) -+ NH4-Z + Coz(Fe(CN)6) 

The C02( Fe(CN)6),  a n  i n s o l u b l e  compound, would be d i s t r i b u t e d  throughout t h e  
z e o l i t e .  Subsequent  r e d u c t i o n  i n  hydrogen a t  400OC should r e s u l t  i n  a z e o l i t e  
con ta in ing  c o b a l t  and i r o n , , w h i l e  t h e  z e o l i t e  i t s e l f  i s  converted t o  t h e  H-form. 

To c a r r y  o u t  t h e  back-exchange, 15 g of  0.9 u t 8  Co/NHq-ZSM-5 ( IE)  was s t i r r e d  
i n  150 mL of  3.3 u t 8  (NH~)QF~(CN)~ .HZO s o l u t i o n  i n  water  f o r  4 hour s  a t  room tem- 
pe ra tu re .  The mix tu re  was f i l t e r e d .  The back-exchanged z e o l i t e  sample was 
analyzed and found t o  c o n t a i n  0.9 wt8 Co and 0.2 u t $  Fe ,  and w i l l  be des igna ted  
0.9 wt8 Co, 0.2 wt$ Fe/NH4-ZSM-5 (BE) .  

A p a r t  o f  each of t h e  f i v e  samples was p e l l e t e d  i n t o  3-ma-diameter t a b l e t s  
f o r  c a t a l y t i c  a c t i v i t y  tests. The p e l l e t s  were c a l c i n e d  i n  a i r  a t  45OoC f o r  one 
hour t o  c o n v e r t  t h e  NH4-ZSM-5 t o  t h e  H-form. P a r a l l e l  s t u d i e s  using i n f r a r e d  
spectroscopy showed deamaoniat ion was nea r ly  complete  under t h e s e  c o n d i t i o n s  (7). 

(b) Magnet izat ion Measurements 

Samples f o r  magnet ic  a n a l y s i s  were placed i n  4-ma-outside-diameter g l a s s  
tubes and reduced i n  f lowing hydrogen a t  35OoC f o r  16 hours. The tubes were then 
sea l ed  under  vacuum. 

The magnet ic  measurements were performed us ing  a v i b r a t i n g  sample magnetom- 
e t e r  i n  a p p l i e d  f i e l d s  up t o  15 kOe. The s a t u r a t i o n  magnet izat ion was ob ta ined  by 
P l o t t i n g  u v e r s u s  1/H and e x t r a p o l a t i n g  t o  z e r o  ( i n f i n i t e  f i e l d s ) .  The va lues  
obtained were compared w i t h  t h e  known s a t u r a t i o n  magnet izat ion o f  bulk m e t a l l i c  
c o b a l t ,  and t h e  d e g r e e  of r e d u c t i o n  was ob ta ined .  The p e r c e n t  r educ t ion  i s  
reported i n  Tab le  I. 

(c )  Chemisorpt ion Measurements 

Hydrogen a d s o r p t i o n  measurements were performed u s i n g  a conven t iona l  glass 
volumetr ic  a d s o r p t i o n  appa ra tus .  One gram o f  c a t a l y s t  sample was used. The 
Sample was heated t o  2OO0C (b0C/min) under  f lowing He (60 mL/min) and kep t  a t  t h a t  
temperature  f o r  1 hour .  The sample chamber was evacuated and cooled t o  5OoC. 
Hydrogen (60 ml/min) was in t roduced  and t h e  t empera tu re  was r a i s e d  t o  35OoC 
(4OClmin). The sample chamber was 
evacuated t o  10-5 torr and cooled t o  t h e  a d s o r p t i o n  temperature .  

The sample was reduced a t  35OoC f o r  16 hours.  
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The H2 a d s o r p t i o n  measurements were conducted a t  1OOoC. The a d s o r p t i o n  
i so the rms  a r e  shown i n  F igu re  1. 

(d )  Metal P a r t i c l e  S i z e  C a l c u l a t i o n s  

The v a l u e s  of hydrogen uptake were e x t r a p o l a t e d  t o  z e r o  hydrogen p r e s s u r e  
from t h e  l i n e a r  p o r t i o n  of t h e  i so the rm (F igure  11, a s  ou t l i ned  by o t h e r  workers  
f o r  n i c k e l  c a t a l y s t s  (11,121. d 

The metal  d i s p e r s i o n s  D:Cos/Cot, where Cos i s  t h e  number of s u r f a c e  c o b a l t  
atoms and Cot is t h e  t o t a l  number of c o b a l t  a toms,  were c a l c u l a t e d  us ing  t h e  
adso rp t ion  s to i ch iomet ry  of H/Cos=l . Average c r y s t a l l i t e  d i ame te r s  (Tab le  I )  were 
c a l c u l a t e d  from S D  for s p h e r i c a l  hcp metal  c r y s t a l l i t e s  (6) of uniform diameter  
u s ing  t h e  fo l lowing  r e l a t i o n  (13 ) :  

d(nm) = 73.81/%D 

(e)  C a t a l y t i c  Conversion T e s t s  

The equipment used was a downflow, f i x e d  bed r e a c t o r  of 1-cm i n n e r  diameter .  
The mass of  t h e  c a t a l y s t  sample was 1.35 g. The sample was reduced i n  hydrogen a t  
35OOC. The conversion of syngas (H2/CO=l) a t  28OoC, 12 ba r ,  and a f low of 
0.659 g/g c a t .  h r  was examined for a 24-hour pe r iod .  

The p roduc t s  of t h e  r e a c t i o n  were C02, H20 and hydrocarbons,  and were 
analyzed us ing  g a s  chromatography. The C5+ product  was analyzed us ing  s imulated 
d i s t i l l a t i o n .  It  was a l s o  sepa ra t ed  i n t o  a romat i c s ,  o l e f i n s  and s a t u r a t e s  u s i n g  
t h e  FIG method. 

Ethylene conversion s t u d i e s  were a l s o  conducted i n  a r e a c t o r  similar t o  t h a t  
mentioned above. A f t e r  t r ea tmen t  w i th  hydrogen a t  35OoC, t h e  r e a c t i o n  mix tu re  
c o n s i s t i n g  of 30 vo l% C2H4 and 70 vo l% H2, was in t roduced  a t  1 atm and a flow r a t e  
o f  0.983 g/g cat .  h r .  The t empera tu re  of t h e  r e a c t o r  was maintained a t  32OoC. 
The p roduc t s  were analyzed a s  desc r ibed  above. 

I 

RESULTS AND DISCUSSION 

The r e s u l t s  of  magnet izat ion and chemisorpt ion s t u d i e s  a r e  shown i n  Tab le  I ,  
F igure  1 ,  and F igu re  2. For t h e  t h r e e  c a t a l y s t s  con ta in ing  9.0,  5.9,  and 2.7 u t% 
Co, approximately 2.2 u t %  of t h e  c a t a l y s t  i s  t h e  amount of  c o b a l t  t h a t  h a s  
been reduced t o  m e t a l l i c  c o b a l t  i n  flowing hydrogen a t  35OoC ( s e e  Tab le  I). The 
hydrogen uptake and t h e  deg ree  of r educ t ion  e x h i b i t  similar t r e n d s  when p l o t t e d  
a g a i n s t  t h e  c o b a l t  l oad ing  ( F i g u r e  21,  and each curve i n t e r c e p t s  t h e  h o r i z o n t a l  
a x i s  a t  near ly  2.2 w t % .  

The amount o f  hydrogen chemisorbed can be expected t o  be approximately pro- 
p o r t i o n a l  t o  t h e  metal  s u r f a c e  a r e a .  The absence  of m e t a l l i c  c o b a l t  i n  a sample 
would r e s u l t  i n  z e r o  chemisorpt ion of hydrogen. I t  is thus  unde r s t andab le  t h a t  
bo th  t h e  hydrogen uptake and t h e  degree of r e d u c t i o n  obtained from t h e  magnetiza- 
t i o n  s tudy become van i sh ing ly  small a t  t h e  same concen t r a t ion  (2.2 u t % )  of c o b a l t  
i n  t h e  c a t a l y s t .  

The r e s u l t s  from H2+CO conver s ion  experiments  a r e  shown i n  F igu re  2 and 
Tab le  11. The v a r i a t i o n  o f  t h e  r a t e  of conversion wi th  c o b a l t  l oad ing  a l s o  
fo l lows  t h e  same t r end  as t h e  chemisorpt ion and degree  of r educ t ion .  Of t h e  
l i q u i d  hydrocarbon p roduc t s  ob ta ined  wi th  t h e s e  c a t a l y s t s ,  nea r ly  95% i s  i n  t h e  
g a s o l i n e  b o i l i n g  r ange ,  as revea led  by s imula t ed  d i s t i l l a t i o n .  The Cg+ produc t  
c o n s i s t s  of a romat i c s ,  branched o l e f i n s ,  and branched p a r a f f i n s ,  which a r e  
c o n s t i t u e n t s  of h igh  oc tane  g a s o l i n e .  

97 



The convers ion  o f  H2+CO by 0.9 u t %  Co/ZSM-5 ( I E )  is ze ro ,  c o n s i s t e n t  wi th  the  
observa t ion  t h a t  t h e  degree  o f  r educ t ion  is z e r o  a f t e r  exposure t o  hydrogen a t  
350OC (Table  I and F i g u r e  2 ) .  This  p rov ides  a d d i t i o n a l  suppor t  t h a t  the c o b a l t  i n  
t h i s  sample i s  i n  an ion-exchanged form t h a t  cannot  b e  reduced t o  the  
c a t a l y t i c a l l y  a c t i v e  m e t a l l i c  ooba l t .  When the  sample i s  back-exchanged t o  y i e l d  
0 .9  u t% Co, 0.2 wtJ Fe/ZSM-5 (BE), t h e  CO+H2 convers ion  i s  17.38, and t h e  degree  
o f  reduct ion  is 48%. The e x i s t e n c e  of a fe r romagnet ic  moment i n d i c a t e s  t h a t  Co 
(and poss ib ly  Fe )  is i n  t h e  m e t a l l i c  s t a t e  i n  t h e  back-exchanged sample. 

The convers ion  of e thy lene  over  H-ZSM-5 and t h e  me ta l - zeo l i t e  samples ( ion -  
exchanged and back-exchanged) was used as a method f o r  comparison o f  t h e i r  
c a t a l y t i c  ac id  func t ion .  The r e s u l t s  a r e  shown i n  Table I11 f o r  the  First s i x  
hours on s t ream.  The cobalt-exchanged sample e x h i b i t s  C2H4 convers ion  of 78.711, 
while t h e  H-ZSM-5 ( p a r e n t  sample) e x h i b i t s  a convers ion  of 86.1%. The ooba l t -  
exchanged sample a l s o  y i e l d s  a lower f r a c t i o n  o f  a romat i c s  (37%) i n  comparison t o  
H-ZSM-5, which y i e l d s  53% a romat i c s  i n  t h e  l i q u i d  hydrocarbon product .  I t  is thus  
ind ica t ed  t h a t  t h e  a c i d  f u n c t i o n  of  t h e  z e o l i t e  is weakened by t h e  presence  of 
coba l t  i n  ion-exchanged form. Back-exchange o f  t he  c o b a l t  results i n  a c a t a l y s t  
t h a t  b r ings  about  a n  improved e thy lene  convers ion  (89.8%) and l a r g e r  aromatic 
f r a c t i o n  (42%) .  

The above r e s u l t s  ob ta ined  from p h y s i c a l  measurements (chemisorp t ion  and 
magnet iza t ion)  and c a t a l y t i c  a c t i v i t y  t e s t s  i n d i c a t e  how meta l  s p e c i a t i o n  i n  
cobalt/ZSM-5 c a n  b e  c h a r a c t e r i z e d .  The p a r e n t  sample of H-ZSM-5 wi th  
Si02/A1203:38 can  be r ep resen ted  by 

-0.050 
H6.050 ( si0.950 A10.050 '2) 

The ion-exchanged sample 0.9 u t %  Co/ZSM-5 (IE) can  be r ep resen ted  by 

-0.050 
H6.028 c O ~ ~ O l l  ( si0.950 Al0.050 

I t  can  be n o t i c e d  t h a t  4 4 %  of t h e  H+ sites have been exchanged w i t h  c o b a l t  
r e s u l t i n g  i n  weakened a c i d i t y .  I n  t h e  back-exchanged sample,  a t  l e a s t  48% of Co2: 
has  been r p laced  by N H G ,  whi le - the  coba l t  is conver ted  t o  t h e  i n so lub le  compound 
CoA Fe(CN)J . C a l c i n a t i o n  a t  45OoC, followed by r educ t ion  i n  H2 a t  350°C, r e s u l t s  
i n  the  c o n v e r s i o n  of t h e  z e o l i t e  t o  t h e  H+-form and t h e  format ion  o f  m e t a l l i c  
cobal t .  The r e s u l t i n g  sample e x h i b i t s  c a t a l y t i c  a c t i v i t y  f o r  s y n t h e s i s  g a s  con- 
ve r s ion .  

CONCLUDING REMARKS 

This  s tudy  demonstrated t h a t  magnetic and chemisorp t ive  techniques  can be 
used t o  c h a r a c t e r i z e  meta l  s p e c i a t i o n  i n  c a t a l y s t s  such a s  Co/ZSM-5. I n  
p a r t i c u l a r ,  t h e  amounts of ion-exchanged c o b a l t  and c o b a l t  e x t e r n a l  t o  t h e  z e o l i t e  
can be e s t ima ted .  These measurements enab le  one t o  i n t e p r e t  t he  c a t a l y t i c  
a c t i v i t y  and s e l e c t i v i t y  of t h e  c a t a l y s t .  

In  our a t t e m p t s  t o  in t roduce  c o b a l t  i n  c a t i o n i c  form i n  ZSM-5 a tempera ture  
of 90°C has  been used f o r  t he  exchange wi th  aqueous c o b a l t  n i t r a t e  so lu t ion .  It 
appears  t h a t  0.9 wt$ Co can  b e  in t roduced  i n t o  ZSM-5 of SiO2/A1203=38 under these  
c i rcumstances .  Analyses  of t he  Co/ZSM-5 samples t h a t  were prepared 
impregnation a t  room tempera ture  with c o b a l t  n i t r a t e  s o l u t i o n  showed t h a t  approxi -  
mately 2.2 w t %  Co was i n  a form no t  r educ ib l e  t o  m e t a l l i c  c o b a l t  (Table I ) .  In 
e a r l i e r  work ( 6 , 7 ) ,  t h e  Co/ZSM-5 samples were subsequent ly  washed with water  t o  
y i e l d  samples t h a t  c o n t a i n e d  1.4-1.7 u t% Co. Hence i t  is p o s s i b l e  t h a t  exchange 
a t  t empera tures  lower than  90°C would y i e l d  samples con ta in ing  more than 0.9 u t% 
Co i n  ion-exchanged form (14) .  
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This  s tudy has  shown t h a t  Co2+/ZSM-5 can be back-exchanged and  reduced t o  
y i e l d  m e t a l l i c  c o b a l t  supported on H-ZSM-5. Chemisorption measurements are 
c u r r e n t l y  being c a r r i e d  o u t  t o  de t e rmine  t h e  deg ree  of d i s p e r s i o n  o f  such samples.  
The back-exchanged samples a r e  c a t a l y t i c a l l y  a c t i v e  i n  s y n t h e s i s  gas  conversion.  
The method o f  back-exchange should be g e n e r a l l y  a p p l i c a b l e  for p repa r ing  metal-  
z e o l i t e  c a t a l y s t s  where i t  is d e s i r a b l e  t o  f r e e  t h e  z e o l i t e  of metal  Ca t ions  i n  
o r d e r  t o  r e s t o r e  t h e  a c i d i t y  t o  its o r i g i n a l  s t r e n g t h ,  and t o  have t h e  me ta l  on 
t h e  e x t e r i o r  of t h e  z e o l i t e  . c r y s t a l l i t e s  i n  a highly d i s p e r s e d ,  c a t a l y t i c a l l y  
a c t i v e  form. 

ACKNOWLEDGMENTS 

The a u t h o r s  would l i k e  t o  thank Bernard D. B l a u s t e i n ,  John M. S t e n c e l ,  and 
Kee H .  Rhee f o r  h e l p f u l  d i s c u s s i o n s .  

1. 
2. 

3. 
4. 
5. 
6. 

7. 

8. 
9. 

10. 
11. 
12. 
13. 
14. 

REFERENCES 

C.D. Chang, W.H. Lang, and A . J .  S i l v e s t r i ,  J .  Ca ta l .  56, 268 (1979). 
P.D. Caesar ,  J . A .  Brennan, W.E. Garwood, and J .  C i r i c ,  J. Catal. 56, 274 
(1979). 
V.U.S. Rao and R . J .  Gormley, Hydrocarbon P rocess . ,  z ( 1 1 ) ,  139 (1980). 
T.J .  Huang and W.O. Haag, ACS Symposium S e r i e s  152, 308 (1981). 
V.U.S. Rao, Physica S c r i p t a  2, 71 (1983). 
J.M. S t e n c e l ,  V.U.S. Rao, J . R .  D ieh l ,  K.H.  Rhee, A.G. Dhere, and R.J. 
DeAngelis, J. Catal. e, 109 (1983). 
V.U.S. Rao, R.J. Gormley, R.R. Scheh l ,  K . H .  Rhee, R.D.H.  Chi ,  and G. 
Pantages,  i n  " C a t a l y t i c  Conversions of S y n t h e s i s  Gas and Alcohols  to 
Chemicals," Ed. R.G. Herman, Plenum (1984), p. 151. 
J. Sche rze r  and D .  F o r t ,  J. Catal. 71, 111 (1981). 
J. Sche rze r ,  J. Catal. 80, 465 (1983). 
R.J. Argauer and G . R .  Lando l t ,  U.S. P a t e n t  3,702,886 (19721, Example 24. 
M.A. Vannice and R.L. Gar t en ,  J. Catal. 56, 236 (1979). 
C.H. Bartholomew and R.B. P a n n e l l ,  J.  Catal. 65, 390 (1980). 
R . C .  Reuel and C.H. Bartholomew, J. Catal. &, 63 (1984). 
P. Chu and F.G. Dwyer, ACS Symp. S e r i e s  218, 59 (1983). 

TABLE I 

Resu l t s  from Magnet izat ion and Chemisorption on Co/ZSM-5 

% Reduction H2 Uptake 

Metal Loading i n  H2 a t  35OoC wtg c o  a t  100°C 

( u t % )  (from magne t i za t ion )  Unreduced (LI mol g-1) d ( nm) 

9.0 

5.9 

2.7 

0.9 (IE) 
0.9 (BE) 
+0.2 Fe 

78 

64 

10 

0 

48 

2.0 

2.1 

2 .5  

0.9 

0.4 

35.4 12.4 

22.5 10.4 

2.4 8.5 

99 



TABLE I1 

Conversion and Product  D i s t r i b u t i o n  From Co/ZSM-5 C a t a l y s t s  
During t h e  I n i t i a l  24-Hour Pe r iod  

I E :  ion-exchanged; BE: back-exchanged 

H2/CO = 1 ;  P = 21 b a r ;  Temperature I 28OoC; Feed Rate = 0.659 g/g c a t .  h r  

Co i n  Catalyst  (wt8) 9.0 5.9 2.7 0.9 ( I E )  0.9 (BE) 
+0.2 Fe 

CO Conversion ($1 56.5 

H2 Conversion ( 8 )  85.8 

CO+H2 Conversion ($) 70.7 

Product Composition (ut%) 
co2 18.6 

H20 46.1 

CHn 35.2 

Composition of CHn (wt$) 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

C4H8 

c5+ 

CqH1O 

24.4 

0.0 

2.7 

0.8 

2.7 

0.8 

5.4 

63.0 

Liquid Product  Composition ( ~ 0 1 % )  

Aroma tics 19.5 
Ole f ins  

S a t u r a t e s  
32.5 

48.0 

54.6 

80.8 

67.3 

13.2 

50.9 

35.8 

24 .O 
0.4 

2.3 

0.6 

2.7 

1.4 

6.6 

61.9 

23 .O 

30.5 

46.5 

21 .o 
34.3 

27.4 

8.1 
56.6 

35.3 

33.6 

0.0 

5.2 

0.0 

7.7 

0.9 

18.7 

33.8 

0.0 13.7 

0 .o 20.9 

0 .o 17.3 

13.9 

55.9 

30.2 

42.4 

0.0 

3.1 
0.0 

18.4 

0.0 

24.2 

11.8 

100 



TABLE 111 

Conversion o f  30 vol% C2H4 + 70 vol% H2 Mixture 
over  H-ZSM-5 and Co/ZSM-5 (Si02/A1203=38). 

Feed Rate = 0.983 g/g c a t .  h r ;  Temperature = 32OoC 

0.9% Co/H-ZSM-5 0.9% Co, 0.2% Fe/H-ZSM-5 

C a t a l y s t  H-ZSM-5 (ion-exchanged) (back-exchanged) 

Per iod (hours)  0-6 

C2H4 Conversion ( 8 )  86.1 

H2 Conversion (5) 9.2 

Product  Composition ( w t % )  

CH4 0 .o 
C2H6 14.5 

C3H6 7.6 

C3H8 5.5 

n-(hH1O 5.8 

c5+ 47.3 

OH8 11.6 

i - C q H I O  7.6 

Liquid Product Composition 

Aroma t i c s  5 3  

O l e f i n s  31 
S a t u r a t e s  16 

0-6 

78.7 

8 . 5  

0.0 

13.3 
12.6 

2.5 

14.0 

6.3 

5.4 

45.8 

37 

50 

13 

0-6 

89.8 
13.4 

0.0 

27.0 

6.1 

4.3 

9.7 

5.7 

5.7 

41.1 

42 

43 

15 

101 
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Figure 2. Degree of reduction, chemisorption and HZ + CO 
conversion on ColZSM-5. I E  ion-exchanged, 
B E  back-exchanged. 
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